Melatonin is a hormone, which is mainly produced by the pineal gland, a vestigial eye. Rather than the rods and cones, it is a newly discovered subgroup of photosensitive retinal ganglion cells, which is responsible for mediating the light-dark cycles, thus regulating melatonin's secretion. One of the correlates of the circadian rhythm of melatonin release is the habitual sleep pattern. Patients with circadian rhythm sleep disorders, including some blind patients with no light-induced suppression of melatonin, benefit from melatonin treatment. Melatonin is synthesized in the retina, lens, ciliary body as well as other parts of the body. In this review, we discuss the physiological roles of melatonin in the eye, as well as the potential therapeutic avenues currently under study.
Introduction
Deep beneath the cerebral cortices, a vestigial eye measures and keeps time. In a sense, the pineal gland is ophthalmology territory. Few clinical situations draw the pineal gland to the ophthalmologist's attention: calcified in later life and thus radio-opaque, it was historically an important radiological marker of midline shift on plain X-ray. Pineal enlargement by tumour may obstruct the cerebral aqueduct causing papilloedema or damage the nearby tectal structures causing Parinaud's syndrome. Only very rarely are we reminded of its phylogenetic origin as the third eye, when a mutation in its modified photoreceptors results in 'trilateral retinoblastoma'. Its product, the hormone melatonin has been the subject of intense research and turns out to be a simple molecule of fundamental importance to many quite disparate physiological systems in the human body, including the eye. This review of melatonin describes: the nonvisual ocular photoreceptive pathway that regulates melatonin production, melatonin's influence on circadian rhythms, in particular its effect on sleep cycles, the current knowledge of melatonin's actions within the eye, and finally its side effect profile.
Melatonin
Melatonin, first identified in the late 1950s was given its name to reflect its melanin granuleaggregating effect. 1 This very ancient molecule exists in organisms as simple and primitive as prokaryotes and as complex as humans. 2 It acts as a free radical scavenger and an antioxidant, possibly its initial function 2-3.5 billion years ago. Since then its actions have diversified in increasingly complex organisms and range from circadian adjustments, 3 to a function in seasonal reproduction. 4 It acts on the suprachiasmatic nucleus to modify the timing of sleep, causing relative hypothermia, 5 and in the retina, rod disc shedding. 6 Although melatonin is present in food such as fruit, vegetables, and wheat, 7 melatonin ingested with a normal diet does not significantly contribute to circulating levels. Instead, it is mostly produced by the pineal gland, and the retina, 8 lens, 9 iris, ciliary body, 10 lacrimal gland, 11 skin, 12 and gut 13 also produce small amounts. It is synthesized through conversion of tryptophan to serotonin, then to N-acetylserotonin, and finally to melatonin (or N-acetyl-5-methoxytryptamine).
14 Two enzymes, arylalkylamine N-acetyltransferase (NAT) and hydoxyindole-Omethyltransferase catalyse the rate-limiting steps.
Serum melatonin concentration varies with age: normal neonates secrete very little but levels rise shortly thereafter and become circadian at about 2-3 months of age, 15 coinciding with a more rhythmical sleep-wake pattern. Daytime concentrations remain low throughout life but night time concentrations peak in humans between 1 and 3 years of age, 16 gradually reducing through puberty owing to dilution in the increased body volume. 17 The diurnal variation persists in adulthood with peak serum levels occurring between 2 AM and 4 AM. Eventually, in old age, this prominent night-time peak becomes markedly attenuated. 18 
Light control of pineal melatonin secretion
It has been suspected for some time that different photoreceptors subserve sight and melatonin production. Thus, some blind people without pupil light reflexes have light-induced suppression of melatonin secretion; their eyes serve more than a cosmetic function as they do not report insomnia. 19 Conversely, blind patients without light-induced suppression of melatonin do have sleep disorders.
A 'non-rod', 'non-cone' photoreceptor was suspected when transgenic mice lacking both rods and cones were nevertheless found to have light-responsive clocks. 20 Furthermore, monochromatic blue light of 446-477 nm wavelength was found to be the strongest input for melatonin regulation in healthy subjects, suggesting that a photo pigment distinct from that of rods and cones was responsible for melatonin regulation. 21 The mystery photoreceptor involved in melatonin regulation was identified a couple of years ago: it is the retinal ganglion cell. 22 A total of 0.2% of retinal ganglion cells contain melanopsin and respond directly to light even when isolated pharmacologically or physically from other retinal neurons. 23 In addition to being intrinsically photosensitive, they are activated by rods and cones and have an unusual colour-opponent receptive field where an S cone-mediated Off response is antagonistic to an (L þ M) cone-mediated On response. 23 The dendritic networks of these photosensitive retinal ganglion cells cover large areas of retina with peak densities in the parafoveal retina. 23 They react slowly but tonically to luminance changes 24 and stimulation of the nasal hemiretina causes maximal melatonin suppression in humans. 25 In the mouse, rod and cone photoreceptors only become light responsive at the 10th postnatal day, whereas intrinsically photosensitive retinal ganglion cells expressing melanopsin are light sensitive from birth. 26 These photosensitive retinal ganglion cells are directly connected to (1) the suprachiasmatic nucleus for circadian photoentrainment, (2) the lateral geniculate body possibly contributing to conscious visual perception, 23 and (3) the olivary pretectal nucleus to drive the pupillary light reflex.
It is thought that at least one other photopigment must be involved in light-dark circadian rhythm entrainment because mice without melanopsin have an attenuated but recordable bright light phase shift in circadian rhythms. Also vitamin A depletion (detrimental to melanopsin, rods, and cone functioning) does not degrade pupillary light responses and circadian entrainment to light-dark cycle, and not all ganglion cells that project to the suprachiasmatic nucleus contain melanopsin.
Currently, cryptochromes that function in blue light are considered likely candidates. 27 Cryptochromes undergo a conformational change on exposure to light 28 and are involved in light responsive induction of c-fos (a marker for circadian phototransduction) in the suprachiasmatic nucleus. 27 Photic input to the suprachiasmatic nucleus is not the sole modulator of circadian rhythms and melatonin secretion. The suprachiasmatic nucleus contains heterogeneous cells and is part of a large neurological network receiving and sending synaptic and neurochemical messages. Craniopharyngiomas can cause damage to the suprachiasmatic nucleus. Affected patients in addition to having neuroendocrinopathies, can have alterations of their sleep-wake cycles and cognitive abilities. 29 The genetic basis of time keeping has recently been elucidated: it is based on a feedback loop system in which a gene produces a protein which inhibits the activation of that gene. The mouse circadian clock depends on a complex set of interacting positive and negative genetic transcriptional feedback loops involving transcriptional factors named Clock and BMAL1/ Mop3, 30 three period genes and two cryptochrome genes. 31 It is likely that numerous other as yet unidentified genes are involved in rhythm generation. Although some other mammalian tissues have been demonstrated to independently generate circadian rhythms, it appears that the suprachiasmatic nucleus is the principal regulator of circadian behaviours. 30 
Neuroanatomy
In mammals, the components of circadian melatonin rhythm production are distributed in three different areas, all in the diencephalon: the photoreceptors are in the retina, the endogenous oscillator (the 'internal clock' which sets the cycle length) in the suprachiasmatic nucleus of the hypothalamus, and the neuroendocrine effector in the pineal gland which produces melatonin in a rhythmic pattern.
Fibres from the suprachiasmatic nucleus of the hypothalamus follow the sympathetic pathway to supply the pineal gland. With the onset of darkness, these sympathetic fibres release noradrenalin to initiate the intracellular release of stored serotonin and NAT. 32 Patients with preganglionic sympathectomy owing to cervical cord lesions 33 and diabetics with clinical autonomic neuropathy 34 lack a normal diurnal melatonin rhythm. Melatonin has high lipid 35 and aqueous 36 solubility allowing it to cross the blood-brain barrier into the circulation and into cell organelles.
Circadian rhythms
Animals adapt to rhythmic environmental changes such as the light/dark, tidal, and seasonal cycles. Circadian rhythms, whose period is about 24 h, are virtually ubiquitous, occurring in cyanobacteria, fungi, algae, plants, and animals. 37 The circadian rhythm of melatonin release is responsible for modifying habitual sleep patterns. The day-night cycle modifies this rhythm. Subjects kept in total darkness or constant illumination (and some blind people) revert to an intrinsic cycle of melatonin secretion of between 24.2 and 24.9 h. As they lose up to an hour a day, they are completely out of synchrony after 2-3 weeks. 38 There are two case reports of children whose pineal glands were destroyed by tumours, resulting in absent pineal melatonin production. They both had severe sleep difficulties, which were corrected by melatonin supplementation. 39, 40 Light has two effects on melatonin: day-night light cycles modify the rhythm of its secretion and brief pulses of light of sufficient intensity and duration abruptly suppress its production. 41 The circadian rhythm of pineal melatonin secretion reflects signals originating in the suprachiasmatic nucleus. 42 Lubkin et al 43 wrote an excellent review on the importance of signals sent via the retinohypothalmic tract in synchronizing circadian rhythms of cortisol, growth hormone, and gonadotropins. However, the rhythm of melatonin synthesis in the retina and ciliary body is synchronized with, but independent from, the rhythm of melatonin synthesis in the pineal gland. 8, 10 In birds, maintained in constant light with each eye alternately patched for 12 h, ocular melatonin rhythms were found to have opposite phases suggesting independent ocular circadian oscillators. 44 Also pinealectomy does not attenuate melatonin levels in the gut or its circadian rhythm; 45 in rats the gut's melatonin levels may by determined by when the mammal eats. 46 
Melatonin, sleep disorders, and visual impairment
Patients who are blind from ocular causes and who have abnormal sleep-wake cycles may benefit from exogenous melatonin, as may patients with cortical visual impairment and neurodevelopmental delay. 47 The latter have a markedly diminished appreciation of all the zeitgebers (contextual clues that it is sleep time), including light and darkness, and hence have difficulties in synchronizing their sleep-wake cycles with the environment.
Sleep plays a major role in brain maturation and chronic sleep disorders can adversely affect a child's development. 48, 49 Furthermore, the sleep-wake disturbances of visually impaired infants can place significant stress on the parents and siblings. Exogenous melatonin has proved useful in visually impaired children with sleep-wake rhythm disorders. 50 It is most effective when given at the desired bedtime, as it may have deleterious effects on sleep if given at other times. 14 An accurate diagnosis is critical in the melatonin treatment of sleep disorders because it is most effective for circadian rhythm sleep disorders owing to the hormone's chronobiotic properties.
Melatonin treatment starts with a low dose, for example, 1-3 mg in toddlers and 2-4 mg in older children given at the desired bedtime. The dose is gradually increased, every few days, until there is a satisfactory response (eg 6 À10 mg). Adults appear to need smaller doses than children (1À4 mg). Children with severe brain damage and chronic sleep difficulties may require higher doses, even up to 15 mg. Physicians should use the clinical response to determine the appropriate dose.
Melatonin is eliminated from the body within 3-4 h, although controlled release formulations lasts longer. Therefore, the type of sleep disorder should influence the type of formulation chosen. When the treatment is successful it should be temporarily discontinued after 6-12 months, to see whether it is still necessary. Some individuals with severe neuropsychiatric developmental disorders may require melatonin supplementation for their lifetime.
Melatonin has also proved useful in alleviating jet lag. A Cochrane review concluded that 2-5 mg melatonin taken at bedtime after arrival is effective and may be worth repeating for the next 2-4 days. 51 The eye and melatonin Like all other tissues, the eye is subject to the effect of melatonin. In addition, a number of structures within the eye synthesize it.
The retina
The retina has a light-mediated feedback system; melatonin mediates darkness-related adaptive changes, and dopamine mediates light-related changes. Melatonin is synthesized in the retina by a subpopulation of photoreceptors in a diurnal rhythm. 52 There are melatonin receptors in the RPE cells 53 and in the outer plexiform layer of the retina. 54 Histologically melatonin causes aggregation of melanin in the RPE and clumping of pigment granules in the chromatophores in the choroid. 55 It activates disc shedding in rod photoreceptors, 6 and elongation of cone photoreceptors. 56 Melatonin blocks apoptosis after experimentally induced RPE cell ischaemia. 57 It also decreases electroretinogram responses as demonstrated in a double blind placebo crossover study in which melatonin given in the afternoon suppressed the b wave amplitude under both photopic and scotopic conditions. 58 Dopamine has the opposite effect to melatonin and can mimic light in entraining and phase shifting the circadian oscillator which controls melatonin rhythmicity. 59 Melatonin inhibits release of retinal dopamine via a specific, receptor-mediated mechanism 60 and stimulation of dopamine receptors markedly suppresses the nocturnal increase of NAT enzyme activity in the retina. 61 
Melatonin and intraocular pressure
Intraocular pressure (IOP) has a diurnal variation, the trough occurring when melatonin concentration levels are highest, so it is not surprising that melatonin has been studied as a possible antiglaucoma agent. Melatonin receptors have been found in the iris-ciliary processes in rabbits 62 and localized to the nonpigmented ciliary epithelium in the frog. 54 NAT, the rate-limiting enzyme involved in the synthesis of melatonin from serotonin has been shown to have higher activity in the iris root-ciliary body complex at night than in the morning. 63 Studies regarding the effect of melatonin on IOP have had conflicting results. Topical melatonin administration in rabbits causes dose-dependent IOP lowering which is maximal an hour after administration, the effect wearing off over the next 3 h. There are three known melatonin receptors: MT1, MT2, and MT3. A topically applied selective MT3 receptor agonist lowers the IOP significantly more than melatonin, the effect lasting over 6 h suggesting that melatonin is a partial MT3 receptor agonist. 64 Conversely, another study group using the same breed of rabbits found a rise in IOP when melatonin was given by injection into a superior vortex vein. 65 A third study involving intracameral infusion of melatonin in cats reduced aqueous production, but caused a greater reduction in outflow, resulting in a net IOP rise. 10 A topical MT3 receptor agonist reduced IOP in monkeys with laser-induced glaucoma. The hypotensive effect was enhanced with repeated doses, reducing IOP by 7.071.1 mmHg (mean7SEM) after 5 days of twice daily dosing. 66 Samples et al 67 did a series of experiments on humans: in a randomized crossover study exposing subjects to either dim or bright light for 23 h, they found that those exposed to bright light had reduced urinary 6-OH melatonin levels and an attenuated early morning fall in IOP. In a second randomized experiment, they administered oral melatonin to subjects kept in bright light for 23 h and found it caused a small but significant decrease in IOP. In their third randomized experiment, they administered one dose of melatonin or placebo at 1800 hours and measured the IOP hourly up to midnight. Those given melatonin had a statistically significant (but not a clinically significant) reduction in IOP. 67 
Melatonin and the lens
Melatonin is produced within the lens in a circadian rhythm, 9 where it acts as an antioxidant; melatonin administered to rats immediately following ultraviolet-B light was found to reduce cataract formation. 68 In glutathione-depleted rats (ie rats under oxidative stress), melatonin also significantly reduced the incidence of cataracts and, in addition, stimulated glutathione production. 69 Melatonin has been shown to be an important antioxidant both at physiological and pharmacological concentrations. 70 It is more effective than mannitol and vitamin E, 71 and is about five times more efficient a scavenger of the hydroxyl radical than glutathione. 72 Experimentally, melatonin has been shown to cause some restoration in vitamin C and E levels (nonenzymatic antioxidants) and the activity of catalase (an enzymatic antioxidant) in cells exposed to oxidative stress. 73 In vitro studies show that melatonin scavenges a common oxidantFnitric oxide. 74 It also protects against chromosomal damage caused by ionizing radiation and other oxidative stresses. 73 Whereas most antioxidants can only function within certain subcellular compartments, its lipid 35 and aqueous 36 solubility allow access to virtually all parts of the cell.
Melatonin and the cornea and sclera
Melatonin receptors have been demonstrated in the corneal epithelium, stroma, and endothelium as well as the sclera of Xenopus (frog) eyes. 75 Melatonin's action via these receptors is presently speculative. Normal corneal growth and development is dependent on a regular diurnal rhythm of light and dark; young chicks exposed to continuous illumination develop severe corneal flattening and thickening. 76 The growth of the sclera and axial elongation are known to follow a circadian rhythm. 77 The epithelial cells of the corneal also have a circadian rhythm, with a high mitotic rate at night and low rate during the day. Injection of melatonin induces a phase advance of the corneal mitotic rhythm in normal light/dark conditions. 78 The exact effect of exogenous melatonin on these important ocular characteristics and possible therapeutic avenues for the treatment of conditions as disparate as corneal epithelial defects and pathological myopia, remains to be determined.
Systemic effects: light exposure and breast cancer
Several papers have shown that women blind to light have a reduced risk of developing breast cancer. People living in low levels of ambient lighting such as the Arctic also have a lower prevalence of breast cancer. Conversely, women exposed to light at night (eg night and shift workers) have a higher incidence of breast cancer. A simultaneous decline in serum melatonin levels with increasing tumour growth has been demonstrated in preoperative breast cancer patients. 79 Decreased melatonin secretion has also been noted in patients with other type of cancers. 80 Both physiological and pharmacological levels of administered melatonin demonstrate oncostatic properties. 81 Future research may allow us to evaluate what is and what is not a safe level of exposure to night lights.
Pharmacokinetics
Orally administered melatonin is rapidly absorbedFhalf-life absorption of 24 min. Its bioavailability varies widelyFnormal subjects given 80 mg of melatonin had serum melatonin concentrations between 350 and 10 000 times higher than the usual night time peak 60-150 min later. 82 Absorbed melatonin is rapidly metabolized, chiefly in the liver, 83 it is excreted in the urine. The chief urinary metabolite of melatonin closely parallels serum melatonin concentrations. 82 Regular melatonin is eliminated from the body within 3-4 h, whereas sustained-release preparations produce therapeutic levels for 6-8 h.
Side effects
In the UK, melatonin is available only on prescription. However, numerous synthetic melatonin preparations are available in health-food stores in the USA and Canada. Anecdotal reports of headache, restlessness, confusion, nausea, tachycardia, and pruritus have been attributed to the use of melatonin. These may have been caused by impurities in some melatonin products. 14 A mild heaviness in the legs has been reported for a few minutes following melatonin injection. 84 When given during the day, melatonin causes tiredness. 85 Some patients report an increase in dreaming or the occurrence of more vivid dreams, this is particularly noted in the elderly. 86 One report suggested that it was a proconvulsant, 87 but other studies have demonstrated that it has a clinically significant anticonvulsant action. 88, 89 It may have an adverse immunomodulatory effect on asthma, 90 although a randomized controlled trial showed that melatonin therapy improves the sleep of patients with asthma without adverse effects. 91 The relationship between melatonin and sex hormones in humans is still being elucidated. Melatonin has been elegantly demonstrated to be progonadal in short-day breeders such as sheep, and antigonadal in long-day breeders such as the Syrian hamster. 92 In disorders of the reproductive system in humans, there is abnormal melatonin secretion and abnormalities of the pineal gland can perturb the reproductive system. Extremely high circulating levels of melatonin may delay puberty and cause hypogonadism, as noted in a case report of a boy. 93 Melatonin has been investigated as a possible contraceptive drug; when 300 mg was given in the evening, ovulation was partially inhibited in normal women. 92 In men taking 2 mg melatonin a day for 1 month, there was no alteration in levels of testosterone or luteinizing hormone. 94 Melatonin may lower growth hormone levels. 95 In animals, a maximal safe dose has not been established; even enormous doses such as 800 mg/kg are not lethal. 96 In a study of 11 patients, doses up to a massive 6600 mg/day for 35 days were given with no severe toxicities occurring. 97 
Conclusion
Across the animal spectrum, there is evidence of circadian time-keeping activity, dating back hundreds of millions of years, attesting to the fundamental importance of synchrony with the environment to the survival of each organism. A key molecule responsible for this, melatonin, was discovered less than 50 years ago and is now produced biosynthetically. Although just as valid as other biosynthetically produced hormones such as growth hormone or oestrogen, its relatively recent discovery means that many of its actions remain obscure. The ambiguity of its status as a drug has limited public availability to health food outlets in the USA, where this important substance is at risk of becoming labeled as an 'alternative medicine' in the public mind.
Eye
Although associated with the pineal gland and produced primarily in relation with the day-night cycle, melatonin turns out to have a huge spectrum of potential applications. Outside ophthalmology, melatonin is being evaluated in areas as diverse as cancer, haematology, toxicology, sleep, cardiology, ageing, immunity, and osteoporosis. Its fundamental role in morphological signaling during embryogenesis might suggest a possible application of this hormone in extreme prematurity where infants, in the absence of maternal melatonin, have consecutively no, little, and disturbed melatonin production over the course of their development. In this context, melatonin's role in the pathogenesis of retinopathy of prematurity and myopia of prematurity should be assessed. In the adult, melatonin could have a role in cataract prevention, IOP reduction, and neuroprotection.
The areas outlined above are a glimpse of the exciting possibilities that exist. Only through continuing careful scientific evaluation will this fundamental molecule find its true place within the practice of modern medicine.
